White discoloration on peeled carrots is partially due to surface dehydration which can be controlled with hygroscopic coatings: e.g., polyhydric alcohols and salt solutions. This study was performed at 2.5, 7.5, 10, and 15ЊC, using a model system controlling relative humidity at 33, 75 or 98% or a commercial system with low-density polyethylene (LDPE) plastic film bags. The moisture sorption properties of propylene glycol, sorbitol, glycerol and calcium chloride enabled them to keep the carrot surface moist and maintain a transparent surface layer through which the underlying orange color was visible. This effect was only observed at high relative humidities (e.g., 98% RH). Similar effects were observed on treated peeled carrots stored in LDPE bags. The moisturized appearance provided by the hygroscopic coatings during storage was effective at several different temperatures.
INTRODUCTION
SURFACE WHITE DISCOLORATION on peeled carrots (Daucus carota) during storage affects their quality and storage life. White discoloration of the surface is a result of both physical and physiological responses to wounding. The physical response is reversible surface dehydration of the outer layers . The physiological response is formation of lignin (Bolin and Huxsoll, 1991; Howard and Griffin, 1993) , an irreversible component of color change (CisnerosZevallos et al., 1995) . Susceptibility to surface white discoloration formation is influenced by temperature (Buick and Damoglou, 1987) , relative humidity (Avena et al., 1993a) , surface moisture , degree of abrasion (Bolin and Huxsoll, 1991) and type of cutting tool (Tatsumi et al., 1991; Bolin and Huxsoll, 1991) .
Several treatments have been applied to minimally processed carrots to control enzymatic activity and thus white discoloration. Hot acidic and basic treatments were studied on peeled carrots (Bolin and Huxsoll, 1991) . A 20-45 sec dip in a 60ЊC, pH 1.0 HCl solution inhibited the development of surface lignification on peeled carrots for 3 to 6 wk at 2ЊC (Bolin, 1992) . Steam treatments also retarded surface white discoloration and the production of soluble phenolics, isocoumarin and lignin on carrots sticks stored at 2ЊC (Howard et al., 1994) .
White discoloration due to surface dehydration could be delayed by increasing the RH and by assuring excess moisture was on the carrot surface before storage . Avena et al. (1993b) suggested that a hydrophilic material such as sodium caseinate could help moisturize the carrot surface and reduce white discoloration formation. The effectiveness of such materials could be related to the sorption properties of the hydrophilic materials rather than to their water barrier properties. Use of hydrophilic biopolymers (e.g., cellulose derivatives and modified tapioca starch) have been reported to reduce the availability of clustered and free surface water for microbial growth on whole carrots (Orr et al., 1990) , and on mini-peeled carrots to keep a fresh orange appearance during storage in polyethylene plastic bags (Howard and Dewi, 1995) . Since surface dehydration is the main cause of white discoloration, a thin layer of solute that could keep the peeled carrot surface wet would lessen the physical response. Among hydrophilic materials, polyhydric alcohols and salts are commonly used as humectants. Polyhydric alcohols are carbohydrate derivatives that contain only functional hydroxyl groups. They are generally water soluble and hygroscopic, and those important in food applications include propylene glycol, glycerol, sorbitol and mannitol (Lindsay, 1986) . Polyols are desirable humectants from a water-holding standpoint, while salts such as NaCl and KCl also have wide application as humectants (Sloan and Labuza, 1975) . The objective of our study was to investigate the use of hydrophilic materials to reduce white discoloration due to surface dehydration on stored peeled carrots.
MATERIALS & METHODS

Carrot samples
Peeled carrots (unknown cultivar) packaged in low-density polyethylene (LDPE) bags were obtained from a commercial processing plant in Bakersfield, CA. They were shipped overnight under crushed ice and stored at 2.5ЊC. Uniformly sized peeled carrots, Ϸ5cm long and 12 to 16g each, were used.
Color evaluation
A Minolta chroma-meter model CR200 (Minolta Camera Co., Japan), calibrated to a standard orange tile (L ϭ 70.10, ϩa ϭ 18.23, ϩb ϭ 32.02), was used for color measurements. L, a and b values from the CIE (Commission Internationale de l'Eclairage) color scale (Gardner, 1975) were determined. Color measurement of each peeled carrot was the average of 3 readings on different sites of the surface. Ten to 20 peeled carrots per treatment were used as replicates, depending on the test. Results were expressed as Whiteness Index (WI) (Bolin and Huxsoll, 1991) and Chroma values (Chervin and Boisseau, 1994) .
The whiteness index scale is related to a visual descriptive scale for better understanding of WI data as follows : 32.6 ‫ע‬ 2.4 (nonwhite, 0 % white surface); 38.4 ‫ע‬ 1.3 (slightlywhite, 25% white surface); 43.0 ‫ע‬ 1.8 (moderate-white, 50% white surface); 47.2 ‫ע‬ 1.7 (severe-white, 75% white surface) and 50.9 ‫ע‬ 3.1 (extreme-white, 100% white surface).
Hygroscopic and hydrophilic solutions
Polyhydric alcohols used were propylene glycol USP (Texas Chemical Co., TX), D-sorbitol and glycerol (Fisher Scientific Co., Fair Lawn, NJ). Polyhydric alcohol aqueous solutions, 3% by weight, were prepared using distilled water and mixing with a magnetic stirrer for 10 min at room temperature. Modified corn starches, Sta-Mist 7415 (Staley Manufacturing Co., Decatur, IL) and Crisptex (American Maize-Products Co., Hammond, IN) were also prepared at 3% by weight aqueous solution. These starches were heated until a clear solution was obtained and then cooled to room temperature. Polyols and starches were applied by spraying solutions at room temperature (Ϸ 20ЊC) on each peeled carrot surface until they ran off.
The hygroscopic salt used for coating was anhydrous CaCl 2 (Fisher Scientific Co., Fair Lawn, NJ). Peeled carrots were immersed into either a 0.5% by weight CaCl 2 aqueous solution for 0.5 or 3 min, or into a 2% by weight CaCl 2 aqueous solution for 0.5, 1 or 3 min. Dipping was done by placing 10 carrots at a time into 500 mL of CaCl 2 solution and stirring at room temperature.
Control peeled carrots were wetted before storage by spraying or dipping into a 200 ppm chlorinated distilled water to avoid microbial contamination. Dewetted peeled carrots were those previously-wetted carrots where excess surface moisture was removed by centrifuging with a hand operated salad spinner.
Relative humidity control
Color changes of coated and control peeled carrots were studied under different relative humidities (RH). Peeled carrots were held in glass chambers at 10ЊC and conditioned at 33, 75 and 98% RH, provided over saturated salt solutions of MgCl 2 , NaCl and K 2 SO 4 (Fisher Scientific Co., Fair Lawn, NJ), respectively. The saturated salt solutions were prepared according to ASTM methods (1991) as follows: MgCl 2 (500g salt/62.5mL water), NaCl (500g salt/150 mL water) and K 2 SO 4 (500g salt/273 mL water). A Solomat hygrometer (Solomat Corp., Stamford, CT) was used to measure the RH. The experiments were performed without air movement to simulate conditions inside plastic packaging systems. Chambers had a fan, which was used only for short periods right after closing the chamber lid to quickly re-equilibrate the chamber after color measurements were made. Peeled carrots were positioned to avoid contact between pieces on a stainless steel screen 2.5 cm above the saturated salt solution. Each treatment contained 10 peeled carrots as replicates. Chamber atmospheres were monitored every 2 days just before color measurements using a PIR-2000 infrared CO 2 gas analyzer (IRGA) (Horiba Instruments, Irvine, CA) and a Model 755 paramagnetic O 2 analyzer (Beckman Instruments, Fullerton, CA), which were connected to provide readings with only one injection. According to our results, O 2 concentrations were always Ͼ20 % and CO 2 concentrations were Ͻ0.9 %.
Low-density polyethylene (LDPE) bags
White discoloration on peeled carrots was also studied in commercial packages made of 1.5 mil plastic films with 435 cm 2 area (14.5 cm ϫ 30 cm). About 20 carrots (ca. 250g) were placed in each LDPE plastic bag. The film had a water vapor permeability of 9.41 ϫ 10
Ϫ1 m Ϫ1 at 20ЊC, as measured by the cup method according to ASTM methods (1989) . The storage rooms were Ϸ90, 80, 75 and 70 % RH at 2.5, 5, 10 and 15ЊC. Air velocities were Ϸ20m min Ϫ1 . Plastic bags were sealed using a manual heat sealer (PGC Scientific, Gaithersburg, MD). Preliminary work, with different ratios of peeled carrot weight to film area and different temperatures, indicated that steady-state oxygen concentrations in LDPE bags were ≥2.26 ‫ע‬ 0.3% and CO 2 concentrations were ≤7.1 ‫ע‬ 0.1%. Respiration of carrots in air at 2.5, 7.5, 10 and 15ЊC were 3.5 ‫ע‬ 0.2, 8.0 ‫ע‬ 0.5, 10.9 ‫ע‬ 0.4 and 21.7 ‫ע‬ 0.6 mL kg Ϫ1 h
Ϫ1
respectively. Oxygen and carbon dioxide permeabilities of LDPE films at 10ЊC were 205 and 878 mL mil m Ϫ2 h Ϫ1 atm Ϫ1 , respectively (CisnerosZevallos and Krochta, 1995) .
Polyhydric alcohols and LDPE bags. Wetted and dewetted peeled carrots and polyhydric alcohol-treated peeled carrots were placed in LDPE plastic bags at 10ЊC and evaluated on days 0, 14 and 19. Evaluations of wetted peeled carrots and modified-starch-treated peeled carrots in LDPE bags at 10ЊC were done on days 0 and 15. Two bags were used per treatment, and 20 peeled carrots were monitored each time per treatment. Bags were opened each time color measurements were taken; afterwards, the carrots were placed in new bags and sealed.
CaCl 2 solution and LDPE bags. Wetted peeled carrots and CaCl 2 treated carrots were placed in plastic bags at 2.5, 5, 10 and 15ЊC. Peeled carrots were dipped for 1 min in a 2% CaCl 2 aqueous solution (250g carrots into 500 mL). Color measurements were done after 4 wk storage by opening the bags and monitoring 20 peeled carrots/treatment.
Statistical analysis
Statistical analyses were done using Statview 4.0 (Abacus Concepts, Berkeley, CA). Analysis of variance with significance levels of 95% and Fisher PLSD multiple-comparison tests were performed.
RESULTS & DISCUSSION
Polyhydric alcohol solution and relative humidity
Peeled carrots treated with a 3% propylene glycol solution developed levels of white discoloration not different (p Ͼ 0.05) from controls at 33% RH (data not shown) and 75% RH (Fig.  1) . At 98% RH, treated carrots had lower (p Ͻ 0.05) WI values than any other treatment at day 6. With decreased RH, the moisture adsorptive capacity of the polyhydric alcohol also decreased, holding less water on the surface and giving a higher WI value and thus a dry appearance comparable to the control. These results suggested that polyhydric alcohols, such as propylene glycol, performed well only at high RH by maintaining a layer of moisture on the peeled carrot surface and thus reducing the WI value. Even though the experiments at different RH were done only with propylene glycol, similar responses would be expected with sorbitol and glycerol. As RH increases above a critical level, compounds such as sorbitol which exhibit type III sorption isotherm behavior (Brunauer, 1945) , absorb increasingly more water than at lower RH, and could absorb up to several times their own dry weight (Shirazi and Cameron, 1992) . Sloan and Labuza (1975) reported the moisture-holding capacities of different polyols. At relative humidities of 60, 70, 80 and 90% RH, the moisture content for propylene glycol was 30, 46, 52 and 148g H 2 O/100g solids, respectively. For sorbitol in an amorphous state, they reported 25, 35, 55 and 110g H 2 O/100g solids for the same RH. Based solely on water-holding capacity, glycerol seemed to be the most effective humectant with values of 38, 57, 96 and 160g H 2 O/100g solids for the same experimental conditions. Bolin (1992) reported that aqueous hydrochloric, phosphoric and citric acid solutions reduced white discoloration by enzyme inactivation. It is possible that enzyme activity was controlled by the treatments but the hygroscopicity of these materials may have helped keep the peeled carrot surfaces moist, as observed in our results.
CaCl 2 solution and relative humidity
Peeled carrots treated with a 2% CaCl 2 solution were similar to carrots treated with propylene glycol at different relative humidities (Fig. 2) . At 33% RH (data not shown) and 75% RH there were no differences (p Ͼ 0.05) between CaCl 2 treatments and control. At 98% RH there was a difference (p Ͻ 0.05) between CaCl 2 treated samples and control, after 6 days storage. This was related to the ability of the salt to absorb water only at high RH, thus reducing WI during storage. Sloan and Labuza (1975) reported the moisture-holding capacities of two other salts, NaCl and KCl. At 60, 70, 80 and 90% RH, the moisture content for NaCl in an adsorption process was 0.1, 0.1, 130 and 585g H 2 O/100g solids, respectively. For KCl in a desorption process, they reported 0.1 and 580g H 2 O/100g solids for 80 and 90% RH respectively. The higher effectiveness of these and other salts as humectants at high RH indicated their possible use to control white discoloration due to surface dehydration during storage. Bolin and Huxsoll (1991) applied aqueous solutions of NaOH and CaCl 2 to peeled carrots and effectively reduced white discoloration. They attributed the mechanism of control to a reduction in enzyme activity. Sodium metaphosphate was also demonstrated to be effective in reducing white discoloration in carrot sticks during MA storage (Li et al., 1992) . Our results suggest that these hygroscopic materials maintained a moistened layer on the carrot surface, reducing the surface dehydration component of color change .
CaCl 2 solution concentrations and dipping times. WI values of peeled carrots dipped 0.5 min in 2% CaCl 2 solution and stored for 6 days at 10ЊC and 98% RH were not (p Ͼ 0.05) lower than WI of a treatment with 0.5% CaCl 2 , but were lower (p Ͻ 0.05) than WI values of a previously-wetted control (Fig.  3 ). Some samples with 3 min dip treatment had a slimy appearance on day 6 (data not shown), possibly due to microbial growth. High salt concentrations and increasing dipping times result in increased surface moisture. When CaCl 2 was applied on the peeled carrot surface, part would migrate and be incorporated into the tissue (e.g., binding to cell wall polymers) (Izumi and Watada, 1994) ; another part would remain free on the surface. Surface CaCl 2 would mainly determine the amount of surface moisture retention. Accordingly, a dip treatment of 0.5 min and 0.5% CaCl 2 was not enough to provide the required amount of solutes to keep the surface completely wet.
Previous work on CaCl 2 applied to carrot sticks, shreds and disks, did not reduce white discoloration (Izumi and Watada, 1994) . The surface solution was removed by centrifugation (dewetting) before storage; thus moisture retention was probably lower due to the lack of the required levels of free CaCl 2 on the surface.
In general, CaCl 2 treated samples and controls showed only a slight difference (p Ͻ 0.05) in color change after 6 days storage at 98% RH (Fig. 3) . When previously-wetted peeled carrots were used, it sharply reduced the effect of white development compared to a dewetted peeled carrot . Under those experimental conditions, with a reduced rate of white development for both controls and treated samples, it was likely that the effect would not be clear at the beginning of storage, but would become increasingly evident as storage increased.
In general, the WI increased from 32 to 38 before the white discoloration became visible. This increase in WI was observed as a shift from deep to pale orange. Values of a and b could describe this shift in orange color, and could be combined to give chroma values. As observed (Table 1) , peeled carrots treated with CaCl 2 decreased (p Ͻ 0.05) in chroma values with storage, and this was observed visually as a shift from deep to pale orange.
Chroma changes in shredded carrots during storage have been correlated to changes in carotenoid content due to oxidation (Chervin and Boisseau, 1994) . As a physiological response to wounding, this carotenoid change could be added to those previously identified as phenolic responses (Bolin and Huxsoll, 1991; Howard and Griffin, 1993) . Thus, the shift in orange intensity (not white development) in CaCl 2 treated peeled carrots, which had a wet appearance during storage, would be related fundamentally to the irreversible physiological change in color we previously proposed .
Polyhydric alcohols and LDPE bags
The RH in packaged vegetables and fruits can reach high values (e.g., 98% RH) (Shirazi and Cameron, 1992) , which are appropriate for moisture retention by hygroscopic materials. A 3% propylene glycol solution reduced the WI increase over time (Table 2) . After 19 days storage in LDPE bags at 10ЊC, these carrots still had a moist appearance and a lower (p Ͻ 0.05) WI than previously-wetted and dewetted control carrots. The same effect was obtained with glycerol and sorbitol (p Ͻ 0.05), which have similar hydrophilic characteristics. Wetted controls also had reduced rates of white development (p Ͻ 0.05) compared to non-wetted controls, but in the long term those peeled carrots treated with hydrophilic solutions maintained moister surfaces. Applying hydrophilic biopolymers, such as modified corn starch, did not reduce (p Ͼ 0.05) the WI when compared with a wetted control during a short period of storage (15 days) (Table 3). These biopolymers show less moisture sorption retention at high RH than hygroscopic materials. Howard and Dewi (1995) reported that a cellulose biopolymer applied to peeled carrots reduced white development compared to a control, however it was not specified whether the control had been wetted.
CaCl 2 solution and LDPE bags
At all temperatures tested, peeled carrots treated with 2% CaCl 2 maintained a lower (p Ͻ 0.05) WI value after 30 days storage than controls (Fig. 4) . The increase (p Ͻ 0.05) in WI with time for CaCl 2 treated carrots may have been due to the proposed physiological response to wounding rather than the physical response since all samples maintained a moist appearance . We again observed a slight shift from deep to pale orange for CaCl 2 treated peeled carrots. Thus, our results indicate that surface dehydration did not occur at any temperature under study for CaCl 2 treated carrots. For wetted control carrots, the increase in WI was the result of both physiological and physical responses (i.e. surface dehydration).
We observed a slight increase (p Ͻ 0.05) of WI with temperature for CaCl 2 treated carrots and controls. As the temperature increased, the RH in cold rooms decreased. This probably induced a slightly lower RH inside the plastic bags, and increased the vapor pressure deficit between the surrounding air and the carrot surface. Higher temperatures also accelerate enzymatic activities, thus the increase in WI with temperature could also be due in part to an increase in physiological response (e.g., phenolic metabolism, carotenoid degradation).
Some control carrots at 15ЊC developed a slimy material at the surface after a week of storage. A group of CaCl 2 treated carrots also had slimy material formed at the surface after 2 wk of storage at 15ЊC. Similar surface disorders have been reported by Bolin (1991) and Howard et al., (1994) . We believe this spoilage could be related to the high temperature which would encourage microbial growth. High RH and temperature fluctuations, which could cause water condensation inside plastic bags, would be limiting factors for minimally processed carrots.
CONCLUSIONS
THE SURFACE DEHYDRATION COMPONENT of white discoloration on peeled carrots could be influenced by the application of hygroscopic materials. Polyhydric alcohols or salt solutions help moisturize the surface and maintain an orange appearance during storage. The responsible mechanism is related to the moisture sorption properties in relation to RH and temperature. High relative humidities (Ϸ98% RH) are required for high moisture retention on carrot surfaces. LDPE plastic bags in commercial systems provided the required high RH for the adequate performance of such hygroscopic materials. Higher concentrations of materials and longer dipping times deposit more hygroscopic material on the surface, increasing the amount of excess surface moisture and thus reducing surface dehydration. Sensory studies are needed in relation to these coating systems.
